1 0 Utilization of cytoplasmic male sterility (CMS) is significant for agriculture. 1 1
Introduction 3 2
MicroRNAs (miRNAs) are a class of endogenous non-coding small RNAs 3 3
(sRNAs) with 21-24 nucleotides (nt) in animals and plants (Zhou et al., 2020) . In 3 4
plants, mature miRNA sequences were generated from primary miRNA transcripts 3 5
(pri-miRNA) by Dicer-like (DCL1) (Zhang et al., 2015) . The mature miRNAs are 3 6 incorporated into the RNA-induced silencing complex (RISC) to guiding the cleavage 3 7 of specific complementary mRNAs (Schuck et al., 2013) . MiRNAs are widely 3 8 considered as negative-regulated gene expression at the post-transcription or 3 9
translation process via degrading target mRNAs or repressing mRNA 4 0 translation (Stepien et al., 2017) . Previous studies have manifested that miRNAs 4 1 involved in various plant growth and developmental processes, such as hormone 4 2 homeostasis, flower development, embryogenesis and stress responses(Jha and 4 3 Shankar, 2011; Pei et al., 2013) .
Recently, a large number of studies have revealed miRNAs as important 4 5
regulators of gene expressions to be involved in the developmental transition from 4 6 vegetative growth to reproductive growth (Lin et al., 2013) . MiR156 and miR172, two 4 7 prime participators in flowering regulation, have been shown to regulate the floral 4 8 transition in plant (Zhu and Helliwell, 2011; Yu et al., 2012; Diaz-Manzano et al., 2018) . 4 1 Total RNA was extracted using Trizol reagent (Invitrogen, CA, USA). RNA 1 0 2 quantity was detected by Qubit Fluorometer (Invitrogen, CA, USA)), and RNA purity 1 0 3 was assayed by NanoDrop spectrophotometer (BioRad, PA, USA) and Agilent2100 1 0 4 bioanalyzer (Agilent Technologies, CA, USA). According to the manufacturer's 1 0 5
instructions, sRNA libraries were constructed using the Small RNA Sample Prep Kit 1 0 6 (Illumina, CA, US) and meanwhile the sRNA passed quality test (Yeri et al., 2018) . 1 0 7
Briefly, the small RNA (18-30 nt) were ligated to a 3′ adaptor and a 5′ adaptor 1 0 8 sequentially and then converted to cDNA by RT-PCR. The purified cDNAs after 1 0 9
reverse transcription reaction were sequenced by the Illumina Hiseq2000 (Illumina, 1 1 0 CA, USA). After the Illumina sequencing, the raw sequences were obtained through a 1 1 1 quality control process to generate high quality reads, and clean reads were directly 1 1 2 used for further bioinformatics analysis with ACGT101-v4.2-miR (LC Sciences, TX, 1 1 3 USA) to remove adapter sequences, junk reads, short reads, common RNA families 1 1 4 (rRNA, tRNA, snRNA and snoRNA), repeats (Jeyaraj et al., 2019) . Because of lacking 1 1 5
known miRNA records of pepper in miRNA database (miRBase 21 released), unique 1 1 6
sRNA sequences (18-25 nt) were mapped to specific species precursors in the 1 1 7 miRBase 21 and the pepper reference sequence to identify conserved miRNAs by 1 1 8
BLAST search. New miRNAs were identified by extracting flanking genome 1 1 9 sequence of unique sRNAs using MIREAP (http://sourceforge.net/projects/mireap/) 1 2 0 (Huang et al., 2010) , followed by the prediction of secondary structures by Mfold 1 2 1 program (http://unafold.rna.albany.edu/?q=mfold) (Reuter and Mathews, 2009 ). 1 2 2
Degradome Library Construction, Data analysis and Target identification 1 2 3
The degradome library, a mixed samples' library, was constructed according to 1 2 4 the method described previously using sliced ends of polyadenylated 1 2 5
transcripts (German et al., 2009) . In brief, poly-A-containing mRNA was purified from 1 2 6 total RNA mixture of N816S and Ning5m, then ligated to 5' RNA adaptor containing 1 2 7
a MmeI recognition site. Subsequently, RT-PCR was performed to first-strand cDNA, 1 2 8 followed by digestion with MmeI, and then ligated to 3' adaptor. Finally, ligation 1 2 9
product was amplified, purified and subjected to Illumina sequencing. 1 3 0
Raw reads were performed to remove adaptor sequence and low-quality reads 1 3 1
resulting in clean reads. The high-quality specific sequences of were collected for 1 3 2 subsequent degradome tags analysis. To identified potentially sliced targets of 1 3 3 miRNAs, degradome sequence analysis were processed using the Cleveland 3.0 1 3 4 software package and the ACGT301-DGE program (LC Sciences, TX, USA)(Gong et  1  3  5 al., 2015). The tags, which mapped to sense cDNA, were used to predict cleavage 1 3 6 sites. Height of the degradome peak at each occupied transcript position was placed 1 3 7 into five possible categories. 1 3 8
Quantitative real-time PCR (qRT-PCR) validation 1 3 9
Total RNA was extracted from pepper anthers, and RNA-free DNase I 1 4 0 (Fermentas, USA) was used to remove DNA contamination for 15 min at 37°C. (Applied Biosystems, USA) and SYBR Green Master Mix (Roche, Germany). All 1 5 0 reactions were run with three individual biological replicates, and 18S rRNA was used 1 5 1 as the internal control gene refer to Hwang et al (Hwang et al., 2013) . The relative and SPL9), miRNA167a/h (aly-miR167a-5p_R+1_1ss21AT, gma-miR167a_1ss21AT, 3 0 1 mdm-miR167h_1ss22AT, stu-miR167a-5p_1ss21AT) targets an AUXIN RESPONSE 3 0 2 FACTOR gene (ARF8), MiRNA393 targets two AUXIN SIGNALING F BOX 3 0 3 genes (TIR1 and AFB2) (Table S8 ). QRT-PCR analysis showed that the expression 3 0 4 profiles of the above miRNA targets were up-regulated in N816S ( Figure 6A ). 3 0 5
In contrast, miRNA159_R3, nta-MIR169j-p3_2ss8GA19CT, 3 0 6 stu-miR319b_L+1R-1, hex-MIR390a-p5_1ss21GT, ppe-MIR399a-p3_2ss5AT18TC, 3 0 7 ppe-MIR858-p5_1ss4GA, cst-MIR11334-p5_2ss9TG18TC and PC-5p-154497_29 3 0 8
were up-regulated in N816S (Table 3) . MiRNA159_R3 targets a plasma membrane 3 0 9 H+-ATPase gene (ACA13), a γ -TuC Protein 3 (GCP3)-Interacting Protein gene (GIP1), 3 1 0
MiRNA169j-p3 targets a heat shock protein gene (HSP70), MiRNA319b targets four 3 1 1 TEOSINTE BRANCHED/CYCLOIDEA/PCF transcription factor genes (TCP2, 3 1 2 TCP4, TCP24) and a Aldehyde dehydrogenase gene (ALDH6B2), MiRNA390a-p5 3 1 3 targets a GDP dissociation inhibitor gene (GDI1), miRNA399a-p3 targets a 3 1 4
ceramide-1-phosphate transfer protein gene (ACD11), miRNA858-p5 targets several 3 1 5
MYB protein genes (MYB3, MYB4, MYB12 and MYB80), miR11334-p5 targets a 3 1 6 phospholipase D alpha 1-like gene (PLD1) and a Acyl-CoA oxidase gene (ACX1), and 3 1 7 a novel miRNA of PC-5p-154497_29 targets a UDP-galactose-dependent 3 1 8 digalactosyldiacylglycerol synthase gene (DGD2) ( Table S8 ). Most of above targets 3 1 9
were down-regulated in N816S ( Figure 6B ). 3 2 0
Most negative correlations were found between the expression levels of the 3 2 1 is associated with male sterility in plant and animal. Down regulation of HSP70 4 0 1 expression level prolongs the duration of heat induced male sterility in Drosophila 4 0 2
buzzatii (Sarup et al., 2004) . HSP70 antisense RNA expression leads to male sterility 4 0 3 in rice (Liu et al., 2008) . In this study, up-regulated miRNA169j may through via 4 0 4
reducing transcript expression of HSP70, leading to pollen abortion. 4 0 5
Many miRNA-targeted genes were involved in lipid transport and metabolism, 4 0 6 such as PLD1/ACX1, ACA13/GIP, ALDH6, GDI1 and DGD2, which are cleaved by 4 0 7 miR11334, miR159_R-3, miR319b, miRNA390b and PC-5p-154497_29, respectively. 4 0 8
Those miRNAs may throughout their targets be involved in CMS sterile process. 4 0 9
Phospholipase D alpha 1-like (PLD1) has been identified as cytosolic protein, which 4 1 0 regulated cytosolic lipid droplet formation (Andersson et al., 2006) . Acyl-CoA oxidase 4 1 1 (ACX) was the first and the key step controlling enzyme involved in fatty acid 4 1 2 β -oxidation, and mutation of ACX1 leaded to petal degeneration in Chinese 4 1 3
Cabbage (Zheng et al., 2019) . In plant, ALDH6B2 encodes a methylmalonyl 4 1 4 semialdehyde dehydrogenase, of which involved in the degradation of valine to 4 1 5
propionyl CoA (Brocker et al., 2013 protein GDI1 relates to control vesicle number and transport in an amelioration of 4 2 5 zinc toxicity, allowing yeast to survive in the presence of toxic(Ezaki and Nakakihara, 4 2 6 2012). Furthermore, Digalactosyl-diacylglycerol (DGD) is one of the major lipids 4 2 7
found predominantly in the photosynthetic membrane of higher plants. OsDGD2β is 4 2 8
the sole DGDG synthase gene highly expressed in anther, and its mutation confers Ning5m and those disorder miRNA-targeted genes perhaps leading to 4 3 3 membrane-disruptive effects and cell apoptosis. In the present study, small RNA libraries from anther of CMS-line N816S and its 4 3 7 maintainer line Ning5m were generated by small RNA sequencing in pepper. A total 4 3 8
of 76 differentially expressed miRNAs were discovered, of which 18 were further 4 3 9
confirmed by real-time quantitative PCR (qRT-PCR AFR family proteins targeted by miR156, miR167, miRNA858 family. Nineteen 4 4 6 targets were selectively examined by qRT-PCR, and the results showed that there was 4 4 7 a negative correlation on the expression patterns between miRNAs and their targets. 4 4 8
These findings provide valuable information to understand the roles of miRNAs 4 4 9
during anther development and CMS occurrence in pepper. 4 5 0 Figure S1 . Small RNAs Pearson correlation between the six libraries 6 9 4 Table S1 . Primers used in this study. S1-1, Primers designed for conserved 6 9 5 miRNAs and novel miRNAs; S1-2 Primers designed for miRNA targets. 6 9 6 Table S2 . Summary of five types of miRNA in this study. S2-1, gp1a type; S2-2, 6 9 7 gp2a type; S2-3, gp2b type; S2-4, gp3 type; S2-5, gp4 type. 6 9 8 Table S3 . Primers used in this study. S1-1, Primers designed for conserved 6 9 9 miRNAs and novel miRNAs; S1-2, Primers designed for miRNA targets. 7 0 0 Table S4 . Overview of degradome sequencing reads from raw data to mapping 7 0 1 sequences. 7 0 2 Table S5 . The overview of reliable identified targets of miRNAs. 7 0 3 Table S6 . Transcript annotation of targets of differential expression conserved 7 0 4
Author contributions
and novel miRNAs in this study. 7 0 5 Table S7 . The pathways of all the miRNAs and targets involved in this study. 7 0 6  Table S8 . The transcript annotation, GO terms and KEGG pathways of 7 0 7 differential expression miRNAs with those targets in pepper. 7 0 8 7 0 9
